Under chronic conditions of neuropathic pain, nociceptive C terminals are lost from their target region in spinal lamina II, leading to reduced thermal hyperalgesia. This region of the spinal cord expresses high levels of polysialic acid (PSA), a cell surface carbohydrate known to weaken cell-cell interactions and promote plasticity. Experimental removal of PSA from the spinal cord exacerbates hyperalgesia and results in retention of C terminals, whereas it has no effect on plasticity of touch A␤ fibers and allodynia. We propose that expression of PSA at this stress pathway relay point could serve to protect central circuitry from chronic sensory overload.
Under chronic conditions of neuropathic pain, nociceptive C terminals are lost from their target region in spinal lamina II, leading to reduced thermal hyperalgesia. This region of the spinal cord expresses high levels of polysialic acid (PSA), a cell surface carbohydrate known to weaken cell-cell interactions and promote plasticity. Experimental removal of PSA from the spinal cord exacerbates hyperalgesia and results in retention of C terminals, whereas it has no effect on plasticity of touch A␤ fibers and allodynia. We propose that expression of PSA at this stress pathway relay point could serve to protect central circuitry from chronic sensory overload.
neuropathic pain ͉ neuroplasticity ͉ neural cell adhesion molecule C onditions of chronic pain are associated with structural and functional changes in different parts of the nervous system. Among the structural changes, there appears to be a neuroplastic event involving reversible loss of the nociceptive C fibers from their terminal region in spinal lamina II (1) (2) (3) (4) (5) (6) . This region of the spinal dorsal horn exhibits an unusual molecular feature of neural plasticity, the expression of polysialic acid (PSA) (7, 8) . In vertebrates, PSA is a specific glycosylation of the neural cell adhesion molecule (NCAM), consisting of a long linear homopolymer of ␣-2,8-linked sialic acid (9, 10) . The large excluded volume of this polymer produces sufficient steric hindrance between apposing membranes (11) to interfere not only with NCAM-mediated adhesion but also with that mediated by other adhesion receptors such as L1, cadherins, and integrins (12) .
PSA is known to modulate cell interactions and promote plasticity in the developing nervous system. In particular, it facilitates translocation of neural and nonneural precursor cells and shields them from inappropriate interactions (13) (14) (15) (16) (17) and optimizes neurite sprouting and branching during axon pathfinding (13) and target innervation (18) (19) (20) , as well as reducing the stabilization of inappropriate synapses (18, 20) . Although in most cases PSA expression is down-regulated by the end of embryonic development, it is retained within certain regions of the adult brain believed to exhibit different forms and degrees of plasticity, for example, the hippocampus, hypothalamus, brainstem, and rostral migratory stream (7, 17, 21) .
Given these molecular characteristics, biological activities, and adult expression patterns, it is reasonable to propose that PSA's ability to weaken cell interactions could contribute to the loss of C-fiber terminals associated with chronic pain. In the present study, we test this hypothesis in a well characterized chronic constriction injury (CCI) model for neuropathic pain (22) , including hyperalgesia (increased sensitivity to external stimuli) and allodynia (transformation of touch stimuli to pain). The approach uses a loss-of-function perturbation based on the in vivo removal of PSA from mouse dorsal horn by intrathecal injection of the PSA-specific endoneuraminidase N (endo N) (20, 23, 24) . The results indicate that removal of PSA increases hyperalgesia and inhibits the observed CCI-induced loss of C terminals in spinal lamina II.
Materials and Methods
Preparation of endo N. The enzyme endo N was prepared as described (20) . In brief, a plasmid encoding endo N (23) was expressed in M15 cells. The enzyme was then purified and its specific activity determined. endo N specifically cleaves ␣-2,8-linked sialic acid chains with minimum chain length of 8 (23, 24) . It diffuses rapidly in tissues and selectively removes PSA, sparing other sialic acid-containing moieties, which makes it suitable for in vivo application (13, 20, 25) .
Sciatic Ligation and endo N Injection. Four groups of 10 adult male mice (CD-1, CRL locR͞6) were used in this study. The first two groups were anesthetized (pentobarbital 50 mg͞kg, Sigma), and their left sciatic nerve was exposed and lightly constricted at midthigh by placing two loose 7-0 braided silk (Ethicon, Somerville, NJ) ligatures Ϸ1.5 mm from one another (22) . One of the two groups received a 1-l intrathecal injection of endo N (200 units͞l) at the time of surgery. The second group received injection of a similar volume of vehicle solution. The limb was then closed and the animals returned to the husbandry after recovery from anesthesia. The third group received endo N injection and no surgery, whereas the remaining animals had no surgery and received no injection.
Behavioral Testing Thermal Algesia. The unilateral hot-plate test was used to test the sensitivity of the hindpaw to thermal stimuli (26) . The animal was held by the operator, and one hindpaw at a time was allowed to touch a 55°C hot plate. The time of withdrawal of the limb was measured, and the mean of two readings was used as a tolerance threshold. The animals were habituated to the test before surgery, and presurgical values were used as a baseline reference for postsurgical measurements. Tests were repeated 1, 2, and 3 weeks after sciatic ligation.
Mechanical Algesia. The sensitivity to touch stimuli was assessed by using the dynamic plantar aesthesiometer (Ugo Basile, Varese, Italy), an automated apparatus based on the von Frey filament principle. The animals were housed over a grid, a stimulating probe was positioned under their hindpaw, and an increasing vertical force (continuous increase from 0 to 20 grams in 10 sec) was applied to the paw. The instrument registered the force intensity that triggered limb withdrawal, and the mean of three readings was used as the tolerance threshold. Before ligation, the animals were habituated to the apparatus, then tested to establish a baseline reference for postsurgical readings. They were retested under the same conditions 1, 2, and 3 weeks after surgery.
Transganglionic Labeling of Fibers. The animals were anesthetized 4-5 days before death, their left hindlimb opened, and 2 l of fluorescent cholera toxin B (CTB)-Alexa Fluor 488 (Molecular Probes) was injected into the sciatic nerve. This nontoxic subunit labels A␤ fibers transganglionically (27) . The specificity of this technique was confirmed by colabeling C fibers with wheat germ agglutinin (WGA)-Alexa Fluor 594; no colocalization of CTB and WGA could be seen in dorsal root fibers in control or CCI animals (see Supporting Text and Figs. 5 and 6, which are published as supporting information on the PNAS web site).
Histological Analysis. Four weeks after surgery, the animals were anesthetized and transcardially perfused with 25 ml of a 7.4 pH phosphate buffer saline solution followed by 25 ml of a 4% paraformaldehyde͞0.1 M, 7.4 pH, phosphate buffer solution. The lumbar spinal cord was dissected and postfixed overnight at 4°C in the same fixative. Vibratome 50-m transverse sections were then prepared. For fluorescent microscopy and confocal imaging of transganglionically labeled fibers, one set of sections was mounted directly on glass slides in mowiol (Calbiochem). A second set was processed for thiamine monophosphatase (TMP) staining to visualize C fiber terminal fields by light microscopy (27) . The localization of this enzyme is restricted to lamina II C terminals in spinal dorsal horn, and changes in staining for its end product are a reliable marker for their plasticity (3, 28) .
For TMP staining, sections were incubated for 90 min at 37°C in a solution of thiamine monophosphate chloride (0.25%) and lead nitrate (0.08%) in 0.04 M, 5.6 pH, Trismaleate buffer, then mounted on glass slides for microscopic examinations. Digital pictures were taken under a ϫ10 objective, and the density of TMP staining was measured in three sections from each sample by using the NIH IMAGE 1.63 (http:͞͞ rsb.info.nih.gov͞nih-image) image analysis system. The ratio of measurements on the ligated side to those on the contralateral side was calculated, and the CCI-induced loss was expressed as percentage of the reduction obtained in vehicletreated samples. The CTB-labeled A␤ fibers were examined by using a f luorescent microscope (Zeiss Axioplan 2), and ϫ400 confocal images were scanned by using a Zeiss LSM 510 imaging system. Three images from each sample were used for morphometric analysis. Lamina II of the spinal cord was delineated, and the density of labeled fibers inside its limits was determined by using NIH IMAGE 1.63 software.
To analyze PSA expression in the spinal cord and to monitor its removal by intrathecal injection of endo N, the 5A5 antibody, a mouse monoclonal IgM specific for PSA, was applied to 50-m floating vibratome sections at a 1:2,000 dilution. An appropriate Cy3 secondary antibody was used to visualize immunostaining by fluorescent microscopy.
The phosphorylated form of the microtubule-associated protein tau (P-tau) is expressed during terminal plasticity and degeneration (29) . The mouse monoclonal anti-human P-tau antibody (clone AT8, Innogenetics, Gent, Belgium) was used (1:1,500) to analyze P-tau-associated terminal plasticity in spinal lamina II.
ANOVA tests were applied for statistical comparison of behavioral and morphometric data between endo N-and vehicle-treated samples. Animal care and experimentation were carried out according to institutional guidelines.
Results
The neuropathic pain model using chronic constriction of the sciatic nerve (22) is amenable to both physiological analysis and histological evaluation of changes (1-6, 27, 30) . After an initial validation of the experimental procedure to perturb PSA expression in the spinal cord, the first parameters examined here are the establishment of hyperalgesia for thermal stimuli and the remodeling of C-terminal fields in spinal lamina II. For comparison, the study then turns to the effects of PSA on another aspect of plasticity in this model, namely pathological pain sensitivity to mechanical stimuli (allodynia) associated with the sprouting of A␤ fibers into lamina II.
PSA Is Expressed in the Dorsal Spinal Cord and Can Be Suppressed by
endo N. Immunostaining for PSA was carried out in lumbar sections of the spinal cord 4 weeks after intrathecal injections. The untreated and vehicle-treated controls showed high levels of PSA expression in the superficial layers of the dorsal horn (Fig.  1A) . In contrast with a previous report using total dorsal rhizotomy (8) , no detectable change in PSA expression was induced by more limited sciatic CCI lesion in vehicle-treated controls. PSA is expressed in membranes of lamina II interneurons as they were identified by their localization and size and by the shape and length of their immunopositive fibers. It is also expressed on projections to lamina III (Fig. 1 C-F) , which presumably are intersegmental projections emanating from these interneurons. Interestingly, when projections of C fibers to lamina II were transganglionically labeled with fluorescent WGA, they appeared devoid of any PSA staining (data not shown). That is, PSA is expressed on the targets for C fibers but not on the C fiber presynaptic elements. PSA immunostaining was also observed in the epithelium of the central canal.
A critical experimental issue in this investigation was the efficacy of PSA removal from the spinal tissue by intrathecal injection of endo N. Immunostaining for PSA in endo N-treated samples showed that treatment with an excess of enzyme (200 units) completely removes PSA from the spinal cord, and that the removal persists throughout the entire period of the study (Fig. 1B) . PSA Removal Exacerbates Thermal Hyperalgesia. Measurement of withdrawal time when holding the animal and allowing only one hindpaw at a time to touch the hot plate proved more feasible and reliable in assessing thermal sensitivity than when the animal moved freely on the hot plate. Preoperative testing established that the mean baseline latency for hindpaw withdrawal was 12.9 Ϯ 0.1 s. After surgery, when the sensitivity to thermal stimuli of the hindpaw ipsilateral to the sciatic CCI was compared with baseline presurgical values, it appeared that sciatic nerve ligation alone caused a significant (P Ͻ 0.01) shortening in withdrawal latency, which decreased with time (Fig. 3A) .
Comparison of the performances of vehicle-and endo Ntreated animals established that the enzymatic removal of PSA exacerbated the CCI-induced thermal hyperalgesia 1 week after surgery by Ϸ36% (Fig. 3A, P Ͻ 0.01) , and assessments in the following 2 weeks revealed that these effects persist. endo N injection did not alter the withdrawal sensitivity of unoperated animals (12.7 Ϯ 0.2 s 1 week after injection). These results suggest that the presence of PSA in the spinal cord serves to alleviate the thermal hyperalgesia associated with neuropathic pain.
CCI Results in Loss of C Terminals from Lamina II.
With these suggestive behavioral results in hand, the study turned to a histological evaluation of the effect of PSA removal on Cterminal loss. It was, however, necessary to first establish that the loss of terminals reported for other models (1-6) also occurs in the CCI model. Four weeks after CCI surgery, the animals were killed and processed for histological examination by using three independent marker systems: fluorescent WGA imaging to visualize C fibers; TMP histoenzymology (27) to detect lamina II C terminals (3, 28) ; and immunostaining for P-tau, which is expressed during axonal plasticity and terminal regression (29) .
In the substantia gelatinosa, numerous fibers became immunopositive for P-tau after ligation ( Fig. 2A) . In addition, the WGA labeling of C terminals normally found in lamina II was reduced after CCI (Fig. 2B) . For TMP staining, the dark͞brown reaction product on the unligated side extended from the lateral extremity of lamina II to its medial border with the ascending pathways, and CCI ligation produced a marked disappearance of TMP-labeled terminals (Fig. 3C) .
PSA Removal Inhibits CCI-Induced Loss of C Terminals.
There is an intrinsic variability in all CCI studies because of differences in the efficacy of the ligatures applied to the sciatic nerve. The TMP technique, which was found to have the least amount of additional experimental variability and could be most easily quantitated by morphometry, was therefore chosen as the most reliable readout for the PSA perturbation studies. CCI by itself resulted in a substantial (Ϸ50%) loss of TMP staining from large segments of the lamina as well as a diminution of terminal density in some remaining areas (Fig. 3 B and C, P Ͻ 0.01) . By contrast, in endo N-treated animals, the loss in TMP staining was significantly attenuated (Fig. 3 B and C, P Ͻ 0.01) . These results indicate that PSA has a facilitating role in C-terminal loss.
PSA Removal Does Not Affect Mechanical Hyperalgesia. Nerve injury-induced neuropathic pain also involves a deleterious manifestation of A␤-fiber plasticity, namely the transformation of touch to painful sensations, called allodynia. For instance, sensitivity to mechanical stimuli as assessed by a dynamic plantar aesthesiometer revealed a significant (P Ͻ 0.01) and persistent increase in touch sensitivity after ligation (Fig. 4A) . However, the removal of PSA from the spinal tissue did not alter ligationinduced mechanical hyperalgesia (Fig. 4A) . Therefore, although PSA reduces the severity of thermal hyperalgesia, it does not appear to alter the intensity of allodynia.
PSA Does Not Promote Sprouting of A␤ Fibers into Lamina II.
The absence of effect on allodynia was somewhat surprising, in that sprouting of A␤ fibers into lamina II has been proposed as an anatomical correlate of allodynia (30) (31) (32) , and PSA is known to promote branching and sprouting during development (13, 19, 20) . To assess the effect of PSA on A␤-fiber sprouting directly, we transganglionically labeled A␤ fibers by preinjection of fluorescent CTB in the sciatic nerve. This labeling is specific for A␤ fibers, in that it does not colocalize with the C-fiber marker WGA when both markers are coinjected in the ligated sciatic nerve (see Supporting Text). In the unligated animals, the A␤-terminal fields were seen as large fluorescent areas within and below lamina III, whereas lamina II was free of staining. As expected, there was a robust invasion of lamina II by A␤ terminals after ligation (Fig. 4 B and C) . However, in agreement with measurements of the ligation-induced allodynia (Fig. 4A) , the presence or absence of PSA did not detectably alter the amount of this sprouting (Fig. 4 B and C) .
Discussion
Although PSA is used during development to prevent premature or ectopic formation of synapses by preventing the establishment of strong cell contacts (18, 20) , the present results suggest that in the context of adult pain pathways this carbohydrate appears to facilitate the loss of C terminals from lamina II in the CCI model of chronic pain.
In our studies, the experimental removal of PSA diminished the reduction of TMP-positive C-terminal density in spinal cord lamina II and exacerbated the intensity of hyperalgesia to thermal stimuli. These findings strengthen the connection between the anatomical and physiological changes observed in response to stressful pain and demonstrate that the PSAdependent changes in these terminals serve to limit the overf low of painful peripheral insults from reaching central pain pathways.
Although PSA has also been shown to promote branching and sprouting during development (13, 19, 20) , no change in the amount of sprouting of A␤-touch fibers into lamina II could be detected after endo N treatment. This anatomical finding is in agreement with the absence of a role for PSA in ligation-induced allodynia, which is believed to result from A␤-fiber sprouting and synapse formation with lamina II pain neurons (30, 31) . That removal of PSA affects changes in C terminals without influencing the amount of A␤-fiber sprouting into the same spinal region probably reflects the fact that the underlying cellular mechanisms are likely to be quite different for these two phenomena and therefore could differ in their susceptibility to PSA removal. However, the possibility remains that PSA might have an effect on the rate of A␤-fiber sprouting and not its amount. If this is the case, a difference might be visible only during early stages of sprouting. In any case, it appears that use of PSA-dependent plasticity in spinal lamina II is precisely orchestrated to alleviate the severity of chronic pain without increasing deleterious secondary effects.
The exact nature of the cellular mechanism underlying the functional uncoupling and terminal loss promoted by PSA in lamina II remains to be determined. In addition to our observations with WGA, P-tau, and TMP stainings in the CCI model, studies using a combination of TMP staining and electron microscopy showed that the loss of TMP produced by peripheral nerve transection, nerve crush (2, 3), or blockade of axonal transport (33) correlates with a reversible degeneration of the C terminals in lamina II. If this degeneration process includes a disassembly of the synaptic complex, which comprises several modes of cell-cell interaction, then the unique ability of PSA to simultaneously affect a wide variety of adhesive mechanisms (12, 34) makes it a particularly potent means for achieving this type of plasticity. However, other mechanisms such as a direct effect of PSA on neurotransmission could contribute as well (for review, see ref. 35) .
It is interesting that afferents to the ventral auditory nucleus also express high levels of PSA (our unpublished studies), and that noxious acoustic insults to the auditory system are associated with a reversible atrophy of nerve terminals in the ventral auditory nucleus (36) (37) (38) . Similarly, mossy fibers and cornu ammonis (CA) neurons of the hippocampus express PSA (18, 21, 39) , and CA3 apical dendrites undergo a transient stress-induced withdrawal (40) (41) (42) (43) (44) (45) that is believed to help reduce detrimental effects of stress (46) . On this basis, the possibility is raised that the PSA-dependent alteration of neuronal connections observed in the chronic pain system may be applicable to all three sensory systems. We propose that the presence of PSA at a particular site along an input pathway allows for a local and reversible break in that pathway in response to excessive stimulation and thereby could protect the brain from overload and consequent deleterious alterations.
